The concept of relative frequency response r( f ) of fish is an important feature used to characterize acoustic targets. It is defined as the volume-backscattering coefficient at a specific frequency f relative to that of a reference frequency. When based on volume backscattering, r( f) reliably distinguishes several acoustic categories if the insonified volumes are reasonably comparable between the frequencies, and that enough samples and targets are measured to constrain stochastic variations in the data within acceptable limits. Therefore, r( f) distinguishes different fish species with swimbladders poorly if they appear as single targets. Using target-strength (TS) data, the acoustic measurements are more spatially comparable, and averaging the TS over an echotrace of a single fish improves the ability to distinguish between different species. Frequency response was estimated using TS data from in situ measurements, collected using Simrad EK60 echosounders with split-beam transducers transmitting simultaneously at 18, 38, 70, 120, and 200 kHz. Selected series with nearly pure catches of northeast Arctic cod (Gadus morhua), saithe (Pollachius virens), and Norway pout (Trisopterus esmarkii) were analysed using a target-tracking algorithm. The frequency response of northeast Arctic cod and saithe did not differ significantly, but at high frequencies, the response of both northeast Arctic cod and saithe differed from that of Norway pout. However, in the latter case, northeast Arctic cod and saithe could be separated, because of their different TS magnitudes.
Introduction
Analyses of echosounder signals, and modelling in the frequency domain, have revealed that fish might have a species-specific reflected spectrum (Haslett, 1965; Foote et al., 1993; Horne, 2000; Korneliussen and Ona, 2002, 2003) . The relative frequency response of an elementary volume, in other words, that which is represented by a pixel on the echogram, has been demonstrated to distinguish efficiently between acoustic categories (Korneliussen and Ona, 2002, 2003) . This type of analysis directly compares the volume-backscattering coefficient (s v ) at different frequencies with the s v at 38 kHz, assuming that the detections are within identical pulse volumes (see Korneliussen et al., 2008 , for proposals on data collection). This method apparently works best on clusters of acoustic targets, but less well on single targets. This is to be expected, because s v is not compensated for by the directional properties of either the echosounder or the target. It requires many measurements for the mean s v from one elementary volume to be stable enough for reliable species identification. An additional problem is that the target is not observed from exactly the same point, because of the physical separation of the transducers and their acoustic directivity, although to some extent the horizontal offset between the transducers can be compensated for by smoothing over successive pings. Smoothing should preferably be done with weights skewed such that the data closest to the reference position, for example, that of the 38-kHz transducer, are assigned the greatest weight (Korneliussen et al., 2008) .
Split-beam echosounders provide angular direction to detected targets, and it is therefore possible to compensate for the directional properties of the echosounder at each frequency. This reduces the number of measurements required for reliable species identification. Furthermore, tracking single targets at multiple frequencies provides several measurements of each target at different angles, which in turn smooth out the variability caused by the directivity pattern of a fish and changes in its tilt angle during detection.
In this paper, the multifrequency analysis of echoes is extended to single targets. This is achieved by comparing the detected target strength (TS) of individual fish at five frequencies. Using data collected during the annual survey on the spawning grounds of northeast Arctic cod, three species were found suitable for trials using this method, northeast Arctic cod (Gadus morhua), saithe (Pollachius virens), and Norway pout (Trisopterus esmarkii).
Material and methods
Recordings from five Simrad EK60 split-beam echosounders were made from RV "G. O. Sars" during the Lofoten 2004 survey on the spawning grounds of northeast Arctic cod. The survey covered the continental shelf from 50 to 500-m depth, on the seaward and landward sides of the Lofoten Islands, from 678N to 708N, from 17 March to 5 April 2004. All echosounders were calibrated before the survey, using standard targets (Foote et al., 1987) . These were 64-and 60-mm diameter copper spheres for 18 and 38 kHz, respectively, whereas a 38.1-mm tungsten-carbide sphere was used for the 70-, 120-, and 200-kHz echosounders.
All transducers were mounted in a maximum packing arrangement (Korneliussen and Ona, 2002) in one of the vessel's instrument keels. All the transducers had nominal half-power beam widths of 78, except for the 18-kHz beam, which was wider (118). The echosounders were operated in parallel at the maximum pulse rate, transmitting soon after the bottom echo was detected. The transmitted pulse duration was usually 1.024 ms at all frequencies, though it was occasionally reduced on one sounder for improved vertical resolution. However, 1.024 ms was the standard pulse duration used on these surveys. To avoid non-linear acoustic problems (Shooter et al., 1974; Tichy et al., 2003; Pedersen, 2007) , the power transmitted at each frequency was within the limits recommended by Korneliussen et al. (2008) .
Vessel movements (heave, roll, pitch, and yaw) were logged from the Seatex MRU 5 to the bottom-topography system Simrad EM 1002, and to the ping datafile in the EK60 echosounder. Environmental and oceanographic information was obtained from CTD observations (Sea-Bird SBE9). Trawling was to some extent done at pre-selected stations, but mostly on observed echotraces, to identify the acoustic registrations and obtain biological samples. The gears used were the Campelen 1800, bottom-survey trawl and the Å kra, which is a medium-sized midwater trawl. Standard biological parameters were measured from all the sampled catches including the total length, weight, gonad and liver index, age, and stomach content of individual fish.
The raw echosounder data were processed using the Bergen Echo Integrator (BEI) system (Korneliussen, 2004) . The relative frequency response was continuously monitored by the BEI postprocessor during the course of the entire cruise. The time and position of registrations interpreted as belonging to a single species, based on the acoustic registrations and catch information, were marked for later processing by MATLAB software. The frequency response at frequency f relative to 38 kHz (Korneliussen and Ona, 2002) was
A natural extension of Equation (1) was to use split-beam detections of single-target, backscattering cross sections s bs,i ( f), instead of the aggregated measurements of many targets represented by s v , then to sum separate measurements of one fish to remove the effects of the fish-directivity pattern. The challenge was to track a single target over many pings. The mean r( f) of one fish, detected over many pings, was then defined as
where ,s bs,i ( f). is the mean backscattering cross section of a single fish or several different fish tracks, whereas ,s bs,i (38) . is now the same quantity at the reference frequency (38 kHz). T denotes fish number and i the ping number. All averaging was done in the linear domain, although the results are presented in both linear and logarithmic forms.
Transducer positions
The transducers were mounted in the vessel's drop keel in an optimal packing arrangement (Table 1) . This means that the difference in measured range and angle of targets between each transducer was minimized. The transducers were tilted slightly forwards in the alongship direction, for advantageous hydrodynamic reasons. Some small misalignments in the athwartship direction were also expected, stemming from mounting difficulties. The transducer-tilt offset was found by comparing the bottom slope measured with the Simrad EM 1002 bottom-topography system and the EK60 echosounder. To inter-calibrate the transducers with respect to measured range and angle, a standard Cu60 calibration sphere was used to map the beams. The sphere was moved through the beam at a range of 24 -26 m from the 38-kHz transducer (ES38B). All transducers operated concurrently in active mode while measuring the position and TS of the sphere. The coordinate system was referenced to the position and axis of the ES38B transducer. Based on the position in the drop keel, measurements from the other transducers were transformed therefore. In Cartesian coordinates, the measured position of targets from the ES38B was given by
where a and b are the alongship and athwartship angles, respectively. For any other transducer, the same targets were located by The x-axis is pointing to the ship's bow, the y-axis to the port side, and the z-axis to the seabed. All distances are given in metres.
M t is the translation matrix defined by
where dx, dy, and dz are Cartesian displacements of other transducers relative to the ES38B. x E is the estimated target position from a different transducer. The transformation back to transducer coordinates is given by.
Based on range and angle measurements using the ES38B, the theoretical range and angular position of the same target were calculated for the other frequencies.
To compensate for vessel movement, an additional translation matrix must be introduced to define the translation and rotation resulting from the heave, roll, pitch, and yaw of the vessel.
Noise level and signal-to-noise ratio
The background noise level was calculated throughout each echogram selected for multifrequency analysis, using 20 points in the water column chosen at random in each ping from the raw data stored by the echosounders. The raw data contained power values from each ping and depth-sample interval. The conditions for TS measurements were generally very good. Because the RV "G. O. Sars" is a noise-reduced vessel, both the data quality and the maximum range of fish detection were generally excellent at all frequencies. The signal-to-noise ratio (SNR) was also estimated throughout the depth range of targets in each experiment, to assure data quality and comparability between frequencies.
Appropriate detection cut-off angles were determined from the number of targets observed as a function of the off-axis angles in each experiment. The cut-off angle at all frequencies was set to that of the frequency with the "narrowest acceptable", off-axis angle.
Transducer detection range
To make comparable measurements at different frequencies, it was also important to ensure that the observation range did not exceed the practical limit at any one frequency. This limit depends on several factors that include the echosounder settings and noise. Because of the physics of sound propagation, the detection range is not the same at different frequencies. The amplitude of an acoustic plane wave decreases over a distance x by a factor e 2ax , where a is the absorption coefficient (nepers per unit distance). The absorption coefficient also depends on the frequency of the transmitted wave. The detection range and the beam widths of each transducer were calculated theoretically by the method of Furusawa et al. (1999) . Given the SNR, target size, transducer settings, and relevant environmental parameters, the detection range and the beam widths were estimated with the nonlinear, zero-finding technique. In addition to these calculations, the SNR and number of detections with range were scrutinized using real data. All TS data presented in this paper are well within the theoretical and experimental detection ranges of all five echosounders. For this study, the detection ranges were estimated using empirical SNR data and an assumed TS of 250 (dB re 1 m 2 ).
Density of single targets and precision
The number of targets in the sampled volume, N v (Sawada et al., 1993; Soule et al., 1995) , was calculated throughout the experiments to avoid problems associated with acceptance of multiple targets. According to Sawada et al. (1993) , if N v is ,0.04 fish per sampled volume, the probability of bias in the TS values stemming from acceptance of multiple targets is suitably low. The number of targets per effective reverberation volume is given by
where c is the sound speed (m s 21 ), t the transmitted pulse duration (s), C the equivalent beam angle (steradians), r the range from the transducer to the acoustic targets (m), and r v the volume density of fish. Here, r v was calculated from echointegration data and mean fish backscattering cross section.
It has previously been demonstrated that the precision of the estimated backscattering cross section of herring depends on the number of accepted targets (Ona, 2003) . Calculations have revealed that when 500-1000 targets are accepted, the standard error of the backscattering cross section is ,5% of the mean. The relationship between this precision and number of accepted targets according to the species of interest is briefly investigated here.
Filtering
Three examples of single-target frequency responses are presented in this paper, one for each species. Suitable TS data were selected, based on trawl catches and scrutiny of the echograms. Then the data were run through single-target detection algorithms (Simrad EK60 Mk I). The effect of transducer position on the measured ranges and angles of each single-target detection was compensated using the approach described earlier. The detected targets were then processed using an optimized target-tracking technique (Handegard et al., 2005) . Records obtained at each frequency were tracked separately. After target tracking, the data were filtered in different steps with respect to cut-off angle, targetdetection range, and density of single targets. In addition, a minimum TS value of 260 dB was applied.
Furthermore, the tracks detected at each frequency were matched, so that each single-fish track could be identified at all frequencies and their positions compared in the local coordinate system. In addition, the time of the detections within each track had to match. If the latter condition is not met, there is a possibility that one frequency measures the target in a different state than the others. For example, one frequency might measure a fish while diving, whereas another might observe the same fish swimming horizontally, in which case, the frequency response is likely to be biased.
Results and discussion
Results from the inter-calibration of the transducer positions and offset angles using a Cu60 standard sphere are displayed in Figure 1 . The figure shows the difference in measured off-axis Relative frequency response angles and detected ranges of the sphere between the reference frequency (38 kHz) and each other frequency, using only pings having simultaneous registrations at both frequencies. The correction for the transducer position from Equations (3) - (6) was applied to the measurements presented in Figure 1 . A small bias in both the angle and range measurements still remained after these corrections. The simultaneous measurements of the sphere were then used to fine-tune the measured ranges and angles of the sphere between the frequencies.
Three acoustic datasets, one for each fish species, were selected using the criteria described earlier. In these cases, both the acoustic recordings and the trawl catches revealed nearly pure concentrations of the subject species (.95% by number). The size distributions of the three species from the trawl samples are displayed in Figure 2 . The TS of these single-species concentrations of northeast Arctic cod, saithe, and Norway pout was measured at five frequencies. The single-target frequency response was based on tracked echoes, with data subject to an appropriate cut-off angle and a track-length criterion of at least three detections within each track. The resulting mean track length was between five and six detections. Table 2 illustrates the estimated standard error of the backscattering cross section for 1000 accepted targets of northeast Arctic cod, saithe, and Norway pout. The results indicate that more than 1000 detections should be used, especially for Norway pout, to achieve a standard error of ,5% of the mean backscattering cross section. Around 2000 detections for Norway pout and saithe were used in this experiment, so the achieved standard error should be better than 5% of the mean backscattering cross section. For one randomly chosen single-cod track containing 47 detections, the standard error was 21.6, 13.4, 25.2, 33.7, and 29.6% at 18, 38, 70, 120, and 200 kHz, respectively. Table 3 displays the estimated noise level. The number of detected targets is a function of the off-axis, angle increment. The reduction at large angles was calculated in steps of 0.58 to indicate the point at which targets are lost as a result of low SNR in the outer parts of the acoustic beam. The cut-off angle for Norway pout was less than that of northeast Arctic cod, because the former species represents a much weaker target. The cut-off angle for northeast Arctic cod depends more on frequency and range than is the case for Norway pout.
As described previously, single-fish tracks were isolated using the target-tracking algorithm. After processing the TS data using this algorithm, the available information included measured target angles, ping-to-ping TS, mean track TS, and range. Other estimations, such as the swimming speed and direction of the fish, were also available after tracking. Figure 3 shows the mean TS by species and echosounder frequency in the upper panel, and the relative frequency response normalized to 38 kHz in the lower panel. The results reveal a clear frequency dependence with a fall in r( f) from 38 kHz towards higher frequencies. All three species are physoclists with 5.5 + 0.6 6.9 + 2.9 7.7 + 5.7 200 4.5 + 1.0 6.7 + 0.9 11.1 + 2.6
The standard error is here presented as a percentage of the mean backscattering cross section. similar types of swimbladder, but the typical Norway pout is much smaller than the typical saithe or northeast Arctic cod. This suggests that the fall-off in r( f) depends primarily on fish size. However, the northeast Arctic cod and saithe sampled by trawling covered a considerable size range, which is reflected in the variability of the mean TS (Figure 3 upper) . Conversely, the size-difference effect is not evident in the single-target frequency responses of saithe and northeast Arctic cod (Figure 3 lower) . Using random subsamples of the frequency response of single targets, no significant difference was found between the r( f) of northeast Arctic cod and saithe at any frequency (Kolmogorov-Smirnov two-sample test, p, 0.05). Furthermore, there was no significant difference between the r( f) of any of the three species at 18 kHz. However, the frequency response of, on the one hand, northeast Arctic cod or saithe and, on the other, Norway pout at 70, 120, and 200 kHz was usually (.95%) significantly different (p, 0.05). Note that no conclusions specific to 38 kHz can be drawn from these results, because then, by definition, r( f) = 1.
To use the estimates of swimming speed, swimming angle, and TS, it is essential that each single-fish track at each frequency is comparable. If one frequency measures only part of a fish track, this will result in data that are not comparable over the whole fish track. The greatest potential in the swimming-angle data arises in the mapping of TS measured at different aspects of the fish, so that compensation for the transducer position is unnecessary.
The total number of detections at each frequency varied greatly. In general, the largest number was achieved at 38 kHz and the smallest number at 18 kHz. The 70-, 120-, and 200-kHz transducers detected similar numbers of targets on average, though somewhat fewer than those at 38 kHz did. It must be emphasized that each fish track must be matched at all five frequencies. For example, single fish that were unlikely to be the target species were often detected at 70 kHz, whereas no matching detections were made on the other four frequencies. High-quality data on the maximum observable range and the noise level are necessary for the detection of enough fish at all frequencies, and to obtain ample detections within each fish track. Improved methods for single-target detections might reduce this problem (Balk and Lindem, 2000; Aksland, 2006; Handegard, 2007) .
The length distributions of the three species were quite different, and consequently so too were the TS distributions and the mean TS results. The single-target frequency response was similar for northeast Arctic cod and saithe, but it was possible to distinguish that of Norway pout from the response of the other two species at the higher (.38 kHz) frequencies. This demonstrates that multifrequency acoustic data from single-fish tracks can allow the targets to be separated between different acoustic groups, based on the relative frequency response alone. In the present case, the groups would be "northeast Arctic cod or saithe" and "Norway pout". The relative frequency response of Norway pout is similar to that of herring (Fässler et al., 2007) . Further, Figure 3 shows that northeast Arctic cod and saithe can be separated, using the actual TS combined with the single-target frequency response.
Several potential applications of this method are currently being explored. Frequency response based on TS could become a valuable addition to the s v -based frequency response for single-fish registrations. If a good relationship between TS and frequency is established, it should be possible to estimate TS at a given frequency from measurements made at a different frequency. It may also be feasible to extract other properties, such as the fish length (Moszynski et al., 2006) , and the tilt-angle distribution, given knowledge of how the multifrequency backscattering depends on fish orientation. Such information may come from the predictions of models or experimental observations. In addition, combining information from several frequencies could lead to improved algorithms for single-target detection (Demer et al., 1999; Conti et al., 2005) and target-tracking procedures. 
